not follow the anti-Markovnikov rule. We proceed to show that in addition to the polarity of the double bonds within a molecule, in this case, the conjugation with the allyl double bond and the specific geometric features of the cyclohexane ring were key stabilizing factors for the unexpected transition state preference, resulting in a regioselectivity that is in quantitative agreement with previous experimental data. Our results further indicated that Re-face attacks and steric factors due to substituents of the substrate influenced mainly the stereoselective outcome of the reaction, also affecting the pathways available to proceed through to complete the hydroboration process.
Introduction
Hydroboration is one of the most central reactions pertaining to boron chemistry, due to its involvement in a wide array of chemical synthesis applications [1] [2] [3] [4] [5] . Hydroboration of alkenes has great importance because of the wide variety of uses of the resulting organoboranes, such as in Suzuki cross-coupling reactions and aldol condensation reactions [6] [7] [8] . Compared with other intermediate compounds, organoboranes are readily prepared from alkenes and alkynes with various structures, giving them their great applicability in organic synthesis [6, [9] [10] [11] . Furthermore, the highly stereo-and regioselective nature of hydroboration products has lent themselves to applications in pharmaceuticals [12] , as well in the reduction of environmental CO 2 [13] and in the polymerization of propylene into polypropylene [14] . Despite the relevance of the direct Abstract Hydroboration and subsequent use of boron compounds in novel organic synthesis have been flourishing in recent years largely due to its amiability in producing asymmetric stereo-and regioselective products. Direct products of diene hydroboration, however, have received little attention, with most substrates being assumed to produce the anti-Markovnikov product expected from textbook organic chemistry understanding. Previous experimental studies have observed the presence of a plethora of hydroboration products, and a significant progress has been made in assigning species to experimental data-though often with contradicting results. This study has used a computational approach employing quantum chemical calculations to determine atomic charges of cyclic and acyclic dienes and correlate these with calculated activation energy barriers in order to predict the regio-and stereoselective outcome of hydroboration reactions. Results indicated a strong correlation between the most polarized atomic charges of double-bonded carbons and the lowest energy transition states as expected. Intriguingly, we identified 1,3-cyclohexadiene as the main example that does 1 3
13 Page 2 of 14 hydroboration products in the final product specificity, previous studies have mainly focused on the subsequent reactions, such as their oxidation to form alcohols, and the direct unoxidized hydroboration products have until now received little attention [15] [16] [17] .
Stereo-and regiospecificity of the final synthetic products depends on the specificity of the first hydroboration reaction steps. It is well established that hydroboration favors the anti-Markovnikov regiochemistry and cis stereochemistry (syn-addition, Scheme 1), hence highly useful in chemical synthesis where only one stereoisomer is desired. In hydrocarbons with complex substituents, and more than one double bond, the anti-Markovnikov rule is not directly applicable (i.e., the number of hydrogens at two non-equivalent carbon atoms of the same double bond can be equal), and determining the reaction specificity is not immediately obvious. Simplified explanations of hydroboration use the positions of resulting hydroxyl groups to assign the positions of boron attachment and infer the reaction mechanism. This, however, is known to be inaccurate, as an oxidized product can arise from several different organoboranes [17] , and a mechanistic explanation is missing that describes the complete process, including the specific identity of the unoxidized compounds [17] . In addition, owing to the high reactivity and sensitivity of the direct hydroboration products to oxidation, their study using solely analytical techniques is highly challenging. Here we studied potential direct hydroboration reaction products focusing on possible pathways depicted in Scheme 2.
We characterized the specificity of the direct hydroboration reaction products of straight chain and cyclic dienes using computational methods. It was previously thought that only partial hydroboration takes place in dienes, resulting in unsaturated reaction products described by Brown and Bhat [18] . Our recent study [17] demonstrated that hydroboration was not limited to one of the double bonds, and that in fact polymers formed as a result of fully saturated, boron-containing hydrocarbons cross-linking together. We report here the results of quantum chemical calculations of hydroboration reactions, focusing on the regiospecificity of the obtained products. We compare reaction energy barriers and partial charges of carbon atoms to predict the most prevalent products. We validate our structural models by comparing calculated and experimental 11 B NMR chemical shifts.
Results and discussion
We focused primarily around the ten cyclic, and one noncyclic dienes (Fig. 1) , with experimental data available from previous work for eight [17] . Hydroboration of the initial substrates yields a monosubstituted species, which can further react to form various fully hydroborated products, depending on the ratio of the borane and the reactant diene [17] . The amount of diene available to react affects the ratios of the resulting products, and its excess might only allow the first step of the reaction to proceed and thus yield a monosubstituted olefin. This is well documented in the example of hydroboration of 1,3-cyclohexadiene [18, 19] , when hydroboration proceeds only to the first step in Scheme 2, and both allyl (2-cyclohexene-1-ol) and homoallyl (3-cyclohexene-1-ol) species are formed, with the first one in excess (Fig. 2) . Interestingly, up to 90 % regioselectivity was observed for the allyl product with specific hydroboration agents [18] . This unexpected regioselective outcome [19] posed an interesting case in our analysis and is discussed further in Sect. 2.1.
Monohydroboration products of dienes
In our first analysis step, we were interested in determining the regio-and stereoselectivity of the hydroboration reactions under reaction conditions where monohydroboration products are formed primarily. To analyze the selectivity of the reactions, we focused on the rate-determining step Scheme 1 General mechanism of hydroboration with the favored anti-Markovnikov product using the high-energy BH 3 -diene adducts as our starting reactant states [17] . We calculated the energies of geometry-optimized reactant and transition states corresponding to hydroboration on all possible sp 2 carbons of the 8 molecules with previously available experimental data [17] from Fig. 1 and assuming a kinetically controlled mechanism, we can predict the most favorable isomers computationally [21, 22] . Previous computational studies have also pointed out the fact that the final thermodynamically favored products might not reflect the selectivity of the kinetically favored hydroboration reactions [23] and emphasized the importance of dynamical effects beyond transition state theory [24] [25] [26] .
The regioselectivity of hydroboration reactions is generally dominated by the anti-Markovnikov product, where boron adds to the least substituted carbon. However, in cyclic dienes, especially those which are symmetrical, the regioselectivity is not immediately obvious owing to the equal number of hydrogens on both sides of the carboncarbon double bond. A key relationship was previously highlighted between the reacting carbon atomic charge and the energy of the intermediates at the transition state [23] . Instead of analyzing the charge distribution of the intermediates, here we hypothesized that the charge density of the reacting dienes would mainly determine the product selectivity, corresponding to the reaction with the lowest transition state barrier. To test this, we calculated the atomic charges of the double-bonded carbon atoms ( Figure S1 ) on the separate reacting molecules without BH 3 and compared these to the transition state barriers for each specific hydroboration reaction ( Table 1 ). The calculated free energies using harmonic approximation are consistent with the obtained energy differences and are also reported in Table 1 (in parentheses). We analyzed the results focusing on both (1) the most negative carbons and the corresponding C-BH 2 bond formation and (2) the most positive carbons and the corresponding new C-H bond formation.
Our results, presented in Table 1 , were generally consistent with the anti-Markovnikov rule, and the most negatively charged carbon atom afforded the lowest energy transition state (Fig. 3, left) . Analogously, the most positive carbon had the lowest energy transition state corresponding to the formation of the new C-H bond on that carbon atom (Fig. 3, right) . Both focusing on the carbon with the C-BH 2 or on the one with the C-H bond, the corresponding correlations are very similar and they show a good agreement with the expected selectivity. It is worth noting that the CHelpG charge scheme [27] performs much more consistently than the Mulliken charge scheme, as expected. The seemingly contradicting atomic charge results between the two schemes can be attributed to the basis set size. CHelpG charges proved to be consistent across smaller (6-31G) and larger (cc-pVTZ) basis sets for F6 (data not shown). On the other hand, Mulliken charges fluctuated and showed great variations depending on basis set size. In particular, atomic charges of the carbons for A4 are unphysically polarized using diffuse orbitals with the 6-31+G or 6-31+G* basis sets, and the polarization of the BH 3 molecule is the opposite of the expected bond polarity using 6-31+G* or cc-pVTZ basis sets (Table S3 ). The low electronegativity of boron results in the attached hydrogens being more electronegative, allowing the boron to preferentially bond to the most negative conjugated carbon and the hydrogen to bond to the most positive carbon. Interestingly, slightly better correlation is found when considering the positivity of the carbon that forms the new C-H bond for B6 molecule (Fig. 3, right) ; however, the most reactive double bond is also the most polarized bond for all three asymmetric cases (B6, D6, and E6). The correlation with the reactant's atomic charges is less strong considering the prediction for the highest energy transition states, indicating that for the high-energy transition states additional contributing factors are present. None of the highest energy transition states corresponded to the least negative carbon (or least Fig. 2 Top reaction scheme for the hydroboration of 1,3-cyclohexadiene, giving rise to the allyl and homoallyl products. Yields are reported using B 2 H 6 as the hydroboration agent in THF solvent [20] . Bottom optimized geometries of the F6 molecule and possible transition states leading to regio-and stereoselective monohydroboration intermediates. CHelpG atomic charges of the sp 2 carbons of the F6 molecule are shown (a.u., color code corresponds to atomic charges), and for each transition state, the HOMO orbitals are displayed together with the corresponding activation energies (kcal/mol) Table 1 The activation energies (and free energies in parentheses) are given in kcal/mol units for the C-BH 2 bond formation for each non-equivalent carbon atom corresponding to the energy difference between the transition state (TS) and the most stable BH 3 -diene adduct reactant state of the first eight molecules in Fig. 1 Atomic charges (in a.u.) are given for the reacting molecules without BH 3 ( Figure S1 ) using both the CHelpG [27] and the Mulliken charge schemes. To assess potential stereospecificity, activation energies were also calculated from Si-face attack leading to enantiomers for B6, D6, E6, and F6 positive, if considering C-H bond formation), which might be explained by the more readily available polarization of the double bond with the most negative carbon, to accommodate the TS. For our first set of 8 molecules corresponding to experimental data, in all but one case, the lowest energy transition state corresponded to the most polarized double bond with the expected selectivity for the hydroboration. Intriguingly, 1,3-cyclohexadiene (F6 molecule) was an exception, despite the strong polarization of the double bonds. The allyl and homoallyl products were approximately equally preferred, with the allyl TS lower in energy by 0.09 kcal/ mol based on the larger cc-pVTZ basis set calculations. This agrees well with the experimentally observed slight preference for the allyl product (60-65 %) reported for this molecule using THF as solvent and B 2 H 6 as hydroboration agent [20] . The experimental selectivity corresponds to a free energy difference of less than 0.4 kcal/mol, which is a difference well within the error of the calculations. Depending on the hydroboration agent, the allyl product can have even higher prevalence over the homoallyl product, with the more positive carbon forming the C-B bond, opposite to other known hydroboration selectivities that follow the anti-Markovnikov rule [19] .
According to our calculated TS structures, there was also a strong stereoselectivity of the final products in the R configuration corresponding to the Re-face attack (Table 1) at both the allyl and homoallyl carbon positions. However, the observed products would be a mixture of enantiomers, as the cyclohexadiene ring would have an equivalent conformer, leading to the opposite selectivity with identical energies. Additional asymmetric substituents at the CH 2 groups would likely stabilize one of the two conformers of the ring, leading to stereospecific products.
To quantitatively analyze the energetic and structural reasons for the observed unexpected regioselectivity of F6, we performed separate QM calculations on the cyclohexadiene ring and the BH 3 molecules in their respective TS structures. We found that the structural differences were almost negligible for the BH 3 molecule and were very minor for the TSs corresponding to the Re-face (TS1 and TS3, RMSD = 0.062 Å) or the Si-face attacks (TS2 and TS4, RMSD = 0.045 Å). The main structural changes were due to slight movements of the CH 2 groups ( Figure S2 ). The Re-and Si-face attacking direction naturally affects the hydrogen atoms already bonded to the carbons on the double bond, as these carbons move toward sp 3 hybridization. We compared the energy differences between the TS geometries and the fully optimized F6 geometry for each TS structure (Table S1 ; Fig. 4 ). In general, the allyl and the Re-face attack structures were lower in energy than the homoallyl and the Si-face attack structures, respectively. Consequently, TS1 has the lowest energy, while TS2 the highest. The difference in the relative energies between the Re-and the Si-face attack structures is likely due to the specific flexibility of the cyclohexadiene ring, with the TS1 and TS3 structures being visibly closer to a chair conformation, whereas TS2 and TS4 are closer to the boat conformation. Interestingly, these minor structural changes lead to significant polarization of the attacked carbon bonds 1 and 2, respectively. In case of TS1 and TS4, the BH 2 group attacks at carbon 1. This carbon also becomes more negative compared to F6, with partial atomic charges changing from −0.08 to −0.18 a.u., for example, for TS1. On the other hand, for TS2 and TS3, the carbon 2 atomic charges change from −0.24 to about −0.32 a.u. These results indicate that the structural changes observed between the allyl and homoallyl intermediates are consistent with the prepolarization of the carbon to allow charge transfer to the positively charged boron at the TS structure. This is also suggested by the displayed HOMO orbitals that are delocalized to the B-H breaking bond in the allyl attack (Fig. 2) . In this specific case, the adjacent Lewis base double bond is likely a contributing factor for the preference toward the allyl intermediate.
The paradoxical regioselectivity is often attributed to steric effects of the CH 2 groups in the literature [19] . To test whether steric effects might be responsible for the observed energy differences, we analyzed the TS structures with respect to the closest CH 2 -BH 3 distances ( Figure S3 ). For TS2 and TS4, these distances are as short as 2.30 Å. However, there are no significant steric effects between TS1 and TS3 that could prompt the observed energy difference of the F6 geometries (6.61 vs. 9.46 kcal/mol). To test this, we reoptimized the TS1 transition state enforcing a fixed distance of 2.38 Å between two hydrogens as shown in Figure S3C , matching the shortest distance present in TS3. The increase in the energy was only 0.2 kcal/mol for the TS structure and 0.15 kcal/mol for only the F6 energy without BH 3 , which does not explain the almost 3 kcal/ mol energy difference between the altered F6 geometries of TS1 and TS3 (Fig. 4) . Taken together, the data suggest that the main reason for the structural stabilization energy observed for the allyl attack F6 geometries is due to the differences in polarizability between the allyl and homoallyl positions. Interestingly, we previously reported that when the BH 2 substituent is in an axial position, the double bond delocalizes over to the boron dihydride substituent at the allyl position as seen by the HOMO [17] and by the atomic charges ( Figure S4 ). This allyl borane-π bond interaction, reminiscent to that of frustrated Lewis pairs [28] , imparts a degree of stability to the molecule, through increasing the electron density located at the boron, and contributes to lowering the activation energy of the corresponding transitions states.
To determine the electrostatic and polarization energies between the F6 and BH 3 molecules at the TS structures, we compared the energies of the fully interacting and noninteracting cyclohexadiene and BH 3 molecules (Table S1 ).
The calculated interaction energies show an excellent correlation with the dipole-dipole interactions derived from the parallel B-H and C=C bonds at the TS ( Figure S5 ). As expected based on the anti-Markovnikov rule, the homoallyl attack corresponds to significantly stronger electrostatic interactions due to the more favorable polarization of the double bond in F6 interacting with the dipole of the B-H bonds at TS3 and TS2.
To further explore examples where the deviation from the anti-Markovnikov rule might be present, we included three additional species in our analysis, described in previous experimental work [18, 29, 30] . Cyclopentadiene (H5) is known to follow the anti-Markovnikov rule, and our calculations also predicted the more favorable homoallyl product [18] both on the basis of the atomic charges of H5 and the calculated activation energies (Table S2) . Previous experimental data suggested that 1,5,5,6-tetramethyl-1,3-cyclohexadiene (I6a,b), 1,6,6-trimethyl-1,3-cyclohexadiene (J6) can favor the allyl product under some conditions. For both of these molecules, the most polarized double bond corresponds to carbons 3 and 4, with carbons 1 and 3 being the most positively charged sp 2 carbons (Table S2 ). According to the anti-Markovnikov rule, we would expect the homoallyl carbon 4 to be most likely substituted by the BH 2 substituent after hydroboration. The activation energies suggest, however, that there is a nearly equal amount of allyl (I6a TS1 and I6b TS3 in total) and homoallyl (I6b TS4) products for I6 at carbons 3 and 4, respectively. Here, the unexpected preference for the positively charged carbon 3 is likely compensated for by the highly polarized double bond and by the conjugation also Fig. 4 Charge distribution and structures of the cyclohexadiene ring at the TS (color code corresponds to the atomic charges, from blue negative to red positive). The allyl attack conformations pre-polarize the allyl carbon from −0.08 a.u. to about −0.17 a.u., regardless of the attack orientation (Re or Si face). On the other hand, the conformations corresponding to the homoallyl attack prepolarize the homoallyl carbon from −0.24 a.u. to about −0.32. Relative energies of the F6 molecules are shown in parenthesis (kcal/mol, red) compared to the optimized geometry, and arrows indicate the boron attack observed in F6. In J6, the most preferred substitution corresponds to carbon 2 according to our calculations, favoring the allyl position, and the most negatively charged homoallyl carbon 4 is less preferred with a higher activation energy.
In summary, our results show that the regioselectivity can be attributed to the interplay between two main factors (1) the dipole-dipole interactions of the boron B-H bond with the double bond and (2) the allyl position of a second double bond providing favorable polarization in the sixmembered ring. In addition, the stereoselectivity is largely controlled by the structural flexibility of the cyclohexene ring favoring the Re attack.
These results lend themselves to predicting the most likely product of hydroboration reactions, as the molecule with the lowest energy transition state should yield the kinetic product. These results are also in correlation with the anti-Markovnikov regioselectivity of the reaction: the electropositive boron within a hydrogen-boron bond of the borane electrostatically favors the most negatively charged sp 2 carbon within the molecule. Intriguingly, 1,3-cyclohexadiene presents an important exception to the anti-Markovnikov rule, whereas transition state theory continues to predict the selectivity of the reaction.
The observed product specificity does depend not only on the selectivity of the first hydroboration step leading to monosubstituted RBH 2 compounds, but also on subsequent hydroboration reactions as well. We showed previously that the RBH 2 products can be more reactive than the borane, and we expect rapid formation of R 2 BH products [17] . We assumed here that the selectivity remains similar using RBH 2 for hydroboration; however, future studies aiming for fully quantitative results would need to take into account subsequent steps. Here we further analyzed the possible hydroboration products after the completion of the hydroboration reactions.
Full hydroboration products of dienes
To better understand the nature of final hydroboration products before subsequent oxidation, we considered competing pathways of hydroboration reactions (Scheme 2). The end product of the first hydroboration step using an activated 'BH 3 ' is a mixture of monosubstituted boranes with a single double bond. Further borane addition can take place in three different ways: by intermolecular hydroboration via the attached BH 2 substituent (pathway A in Scheme 2), by another activated 'BH 3 ' molecule (pathway B in Scheme 2), or by intramolecular hydroboration via another monosubstituted borane (pathway C in Scheme 2). Covalent polymers can thus form via pathway C [17] , following the intermolecular hydroboration reaction pathway. In pathway C, subsequent hydroboration of R 2 BH species can further occur to form trialkyl boranes. Accordingly, well-documented examples suggest that the corresponding species are often found as homologues of trialkylboranes (R 3 B) [20, 31] .
Immediately following the hydroboration reactions, the high-energy trigonal boron species are stabilized by forming intermolecular (e.g., via pathway D) or intramolecular (when possible, e.g., via pathway E) B-H-B bridges. Stabilization can also occur via adduct formation with the solvent or with BH 3 . Trialkyl species are exceptions, in that they are generally stable trigonal boron species that do not form adducts [17] .
In Scheme 2, dimeric or monomeric small-molecule compounds form via pathways A and B + E. On the other hand, polymers may form via pathways C or B + D. Here we aimed to compare the A and B + E pathways and to verify whether the species are also observed experimentally, and to infer their relative prevalence.
In hydroboration reactions described in our previous study [17] , two possible products were observed depending on the nature of the reactant dienes and the reaction conditions: formation of cross-linked polymers, which precipitate out of solution, or formation of soluble, smallmolecule products, which have been analyzed using 11 B NMR. Previous analysis [17] of the experimental NMR data (reproduced here as Figs. 5 and S6) suggested that a range of fully hydroborated product species were present. The substrates F6, 1,3-cycloheptadiene, 1,3-cyclooctadiene, G6, and E6 all yielded cross-linked polymers, whereas substrates D8, B6, C6, and the control A4 all yielded clear solutions. Interestingly, the excess equivalents of borane used in the reaction can also affect the outcome of the reaction products for certain molecules, such as in the example of 1,3,5,5-tetramethyl-1,3-cyclohexadiene (D6), which was seen to form a clear solution when only one equivalent of borane was used, but an insoluble precipitate was observed when two equivalents were used [17] . The clear solution of D6 eventually formed a precipitate after 2 h.
11 B NMR of the clear solutions of substrates reacted with two equivalents of borane resulted in spectra with many peaks, the origins of which were not all apparent. The presence of peaks at −10.4 and −29.1 ppm was attributed to the presence of impurities in the BH 3 ·SMe 2 starting material, but were found not to participate in the hydroboration reaction. The presence of a quartet at −20.4 ppm was due to unreacted BH 3 ·SMe 2 . The main experimental peaks of the hydroboration products are listed in Table 2 together with initial assignment of the corresponding species [32] . In this work, we calculated theoretical chemical shifts for possible reaction products (Table S4 ) through the use of quantum chemical calculations, and their concordance with reported experimental data was compared.
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The competing reaction pathways during hydroboration have very different rates depending on the chemical structure of the diene, thus resulting in entirely different outcomes. Previous work by Brown and Bhat [18] suggested that monohydroboration was prevalent in six-membered rings, which were thought to be relatively inert to dihydroboration. Our recent work has shown that with sufficient excess borane using either B 2 H 6 or BH 3 ·SMe 2 , all cyclic dienes undergo complete hydroboration of all double bonds [17] .
As evident, a large number of 11 B NMR peaks in Table 2 for the first hydroboration products can be attributed to the formation of intermolecular B-H-B-bridged compounds, such as R 2 BHBH 3 . Interestingly, however, in the characterization of the direct products of diene hydroboration, the possibility of intermolecular hydroboration via RBH 2 species and the role of pathway C are often omitted in theoretical calculations. In Table 1 , we also focused on the reactions with BH 3 as the hydroboration agent; however, we note that to quantitatively account for the selectivity, subsequent reactions also need to be taken into account where RBH 2 species serve as hydroboration agents. Toward this aim, here we investigate a second, intramolecular dihydroboration step of pathway A, leading to bridged bicyclic rings.
Pathway A with intramolecular hydroboration is favored for dienes where the double bonds are farther apart, hence the rapid dihydroboration of the 1,5-cyclooctadiene [19] . On the other hand, molecules such as 1,3-cyclooctadiene and 1,3-cycloheptadiene were seen to polymerize following pathway B or C, and only the 1,5-cyclooctadiene was observed to yield clear solution. Therefore, with six-membered or larger rings, the intramolecular hydroboration will occur dominantly when the double bonds are not in proximity to each another [18] ; otherwise, steric constraints take precedence and the cyclic product does not rapidly form. With smaller rings, the energy barrier to form cyclic products is higher, and pathways A and B can be in competition with one another.
To better understand the structures and energetics of the mechanism for reaction pathway A, we performed initial reaction coordinate scanning using the B-C bond distance as the reaction coordinate with ORCA and calculated the energy profiles for A4 and D8 molecules ( Figure S7,  top) . Subsequently, we optimized the TS geometries using Gaussian 09 (Fig. 6 , and Figure S7 , bottom). To ensure that the correct saddle point was identified, we calculated the minimum energy reaction pathway using the intrinsic reaction coordinate (IRC) [33] with Gaussian 09 (Fig. 6, left) .
The calculated energy barrier starting with the monohydroborated D8 1,5-cyclooctadiene was 8.25 kcal/mol, which is easily overcome in room temperature, and therefore, a rapid reaction is expected. Note, however, that to determine the actual activation energies, the relative energy of the reactant states also needs to be accounted for, as B-H-B bridges are generally more stable than the interacting intramolecular π-bond-borane adduct [17] . We have not calculated this here, but estimate it to be below 7 kcal/ B NMR spectra at one equivalent BH 3 ·SMe 2 . The 11 B NMR spectra of the clear solutions after hydroboration of (from bottom to top) α-terpinene (B6), 1,3,5,5-tetramethyl-1,3-cyclohexadiene (D6), 2,3-dimethyl-1,3-butadiene (A4), 1,2,4,5-tetramethyl-1,4-cyclohexadiene (C6), and 1,5-cyclooctadiene (D8) in diglyme. Diagram adapted from Andreou et al. [17] mol based on calculations presented in Table S1 of Andreou et al. [17] , resulting in an overall barrier below 15 kcal/mol. The dihydroborated D8 product species affords a bicyclic ring system consisting of two six-membered rings. Figure 6 illustrates that a stable reactant complex is formed via the intramolecular borane adduct formation, and the reaction proceeds via a relatively sharp transition state, corresponding likely to the simultaneous breaking and forming of rigid hydrogen bonds (B-H and C-H) at the TS. In a solution where borane is not readily available, this secondary intramolecular hydroboration step would be even faster due to the availability of the already activated RBH 2 species, in particular where BH 2 does not yet form stable B-H-B bridges, only adducts with the solvent.
In contrast to D8, the intramolecular dihydroboration step of monohydroborated A4 has an increased barrier of 15.04 kcal/mol. This is largely due to the steric strains due to the smaller alkyl chain, as seen from the unusual intramolecular adduct reactant state structure (A4 RS in Fig. 6 ). Cyclic dienes with 6-membered rings are expected to have further steric constraints to the barrier of the intramolecular dihydroboration. Accordingly, we obtained a 16.17 kcal/ mol activation barrier for C6 ( Figure S7 ), a slight increase from that of the A4 molecule. To consider entropic effects at the harmonic approximation, we also calculated the zero point energies and determined the corresponding activation free energies. Entropic effects generally render the barriers higher as shown also in Table 1 . The difference is particularly significant for A4 (17.88 kcal/mol), whereas C6 (17.04 kcal/mol) and D8 (8.58 kcal/mol) have only a relatively small increase between activation energies and activation free energies.
Subsequently, we calculated the 11 B NMR chemical shifts both for the dimeric cyclic disubstituted boranes obtained via pathway A followed by dimerization and for the intramolecular B-H-B-bridging diborane compounds obtained via pathway B + E ( Table 3 ). The calculated chemical shifts are listed alongside the experimental values in the range of +20 to +30 ppm (Table 3 ). The difficulties in assigning chemical shifts to specific species arose due to the ±2 ppm error margin of both theoretical and experimental data. Despite this, many peaks were possible to assign accurately. In the case of D8, the expected cyclic products are formed at the calculated +26.7 ppm, and the diborane species are not observed. On the other hand, A4 appears to have both kinds of molecules. The diborane species at +19.5 ppm matches the experimental value of +21.3 ppm well. The assignment of the cyclic products at the calculated +28.7 ppm, however, is less certain considering other potential species that might account for the observed peak at +26.6 ppm. In general, the chemical shifts of the diborane and cyclic dimer species are very similar for B6, C6, and D6, and their assignment cannot be done without ambiguity. Interestingly, all molecules exhibit strong peaks at the +20 to +30 ppm region and likely contain at least one of the species considered in Table 3 , except for B6. The NMR spectrum of B6 is significantly different from all other species, and the predicted R 2 BH species in the R 2 BHBH 3 remains elusive. Experimentally, monosubstituted and unbridged disubstituted products are commonly accepted, and the formation of cyclic disubstituted products is thought to be more limited to larger cyclic dienes or longer alkyl chains [18] . The explanation underpinning this can be partly due to the strained geometries of the cyclic transition states, such as that for A4 (Fig. 6) , and this can result in further ring-opening reactions with BH 3 as proposed earlier via a hydrogenalkyl exchange mechanism (Scheme 3) [15, 34, 35] . Analogously, we found that the A4.6 (Table S3 ) species with +22.42 ppm calculated chemical shift has a lower energy by 4.85 kcal/mol compared with the A4.5 cyclic (R 2 BH 2 ) 2 species and might correspond to the observed peak at +21.07 ppm. On the other hand, the corresponding cyclic diene derivatives were less energetically favorable for C6 (data not shown), D6 (D6.5 vs D6.4 in Table S3 ), and D8 (D8.2 vs D8.6 in Table S3 ). Figure 5 and S6 of one and two equivalents of borane, respectively, show highly similar spectra for most molecules. The largest differences are observed in the case of A4, which showed products of the form (RBH 2 ) 2 and (R 2 BH) 2 become the major products when two borane equivalents are used. This suggests that these peaks do not correspond to the cyclic (R 2 BH 2 ) 2 species, as these would be expected to become less prominent when borane is in excess due to ring-opening reactions. Analogously, this decrease is observed for D8, where the borane excess enhances minor peaks, and the main peak is visibly reduced. Interestingly, precipitate formation was also observed for D8 almost instantly when two equivalents of borane were used, analogously to D6 [32] . The excess equivalents of borane via the ring-opening reactions thus might contribute to polymer formation.
Methodology
All calculations were performed and completed using the Gaussian 09 and ORCA suites of programs [36, 37] . Geometry optimizations of the reactant and transition states were done at the B3LYP level of theory with the 6-31+G(d,p) basis set [38] and the GD3 empirical dispersion correction [39] for each reported molecule using Gaussian 09. To determine the reaction profiles for intramolecular hydroboration, initial relaxed surface scans were performed with ORCA along the B-C bond distance of the A4, C6, and D8 molecules at 0.05 Å increments, using density functional theory methods as described above. The identified transition and product states were then fully optimized using Gaussian 09, and subsequent IRC calculations [33] were performed to confirm the RS and PS states corresponding to the TS structures identified. Vibrational frequencies were calculated for all optimized geometries to confirm the identity of each state using Gaussian 09.
The CHelpG population analysis method implemented in Gaussian 09 was used to calculate Merz-Kollman atomic charges [27, 40] for each atom within the optimized diene reactant states as described above.
Theoretical predictions for the NMR chemical shifts of the hydroboration products were done using optimized geometries obtained as described above. Single-point calculations were performed employing a larger basis set, 6-311+G(d,p), to determine the NMR shielding tensors using the Gaussian implementation of the gauge-independent atomic orbital (GIAO) method developed by Pulay et al. [41] . [17, 32] . THF solvent was purchased from Acros, diglyme from Sigma-Aldrich, and deuterated NMR solvents from Euriso-top. 11 B NMR spectra were carried out using a Bruker Advance BB-ATM-500 MHz NMR spectrometer using BF 3 ·OEt 2 as a reference.
Experimental work involved the following dienes: α-terpinene (0.12 mL, 0.7340 mmol), γ-terpinene (0.12 mL, 0.7340 mmol), 1,3-cyclohexadiene (0.07 mL, 0.7340 mmol), 1,3-cyclooctadiene (0.09 mL, 0.7340 mmol), 1,3,5,5-tetramethyl-1,3-cyclohexadiene (0.13 mL, 0.7340 mmol), 1,2,4,5-tetramethyl-1,4-cyclohexadiene (0.1 g, 0.7340 mmol), 1,5-cyclooctadiene (0.12 mL, 0.7340 mmol), 2,3-dimethyl-1,3-butadiene (0.09 mL, 0.7340 mmol).
In THF, the representative procedure for the hydroboration of dienes used BH 3 ·SMe 2 , utilizing the borane to diene addition mode: BH 3 ·SMe 2 (0.14 mL, 1.4680 mmol) was added dropwise to a solution of a diene dissolved in THF (1 mL) pre-cooled to −40 °C. The reaction mixture was left to stir under nitrogen at 0 °C for 1 h to give a clear solution, which, depending on the diene used, contained a white precipitate.
In diglyme, the representative procedure for the hydroboration of dienes used BH 3 ·SMe 2 , utilizing the borane to diene addition mode: BH 3 ·SMe 2 (0.07 mL, 0.7340 mmol or 0.14 mL, 1.4680 mmol) was added dropwise to a solution of a diene dissolved in diglyme (3.2 mL). The reaction mixture was left to stir under nitrogen at 0 °C for 1 h to give a clear solution, which, depending on the diene used, contained a white precipitate.
Conclusions
Hydroboration is one of the most valuable chemical synthesis methods, due to many reasons, including its highly specific regio-and stereoselectivity. However, in complex reagents, the identity of the preferred anti-Markovnikov product is not apparent at first glance. The use of electrostatic potential-based atomic charges has proved to be a useful tool in predicting the regioselectivity of hydroboration reactions. Here we studied 11 molecules, representing 10 cyclic dienes and a straight chain diene. In most examples, the regioselectivity for the preferred product was predicted both by the extended anti-Markovnikov rule, using the atomic charges of the reactants, and also by transition state theory-comparing the activation energies of all possible products. Here we identified the 1,3-cyclohexadiene molecule as a key exception to the anti-Markovnikov rule, which had an unforeseen preference toward the allyl product according to the transition state barrier heights. Our calculated activation energies accurately predicted the selectivity favoring almost equally the allyl products, in agreement with previous experimental studies [19] , therefore validating our transition state theory-based calculation results. The unexpected selectivity was suggested to arise due to steric effects [19] . We found, however, that steric effects do not directly contribute to the observed selectivity, leading to a deviation from the anti-Markovnikov rule. Instead, the stability of the axial BH 2 group via conjugation with the allyl double bond is a more important stabilizing factor, which also relies on the unique structural properties of the cyclohexene ring as additional required factors for the paradoxical regioselectivity. We also introduced two additional derivatives (I6 and J6) and confirmed the similar selectivity rules favoring allyl positions for these molecules as well. These molecules lend themselves as additional examples with exceptional regioselectivity against the antiMarkovnikov rule.
As the anti-Markovnikov rule follows the same general principle as the Markovnikov rule [23] in terms of the most energetically favorable reaction pathway being determined by the attractive dipole-dipole interactions within a carbon-carbon double bond and the reacting X-H substituent, our results therefore provide an exception (on the basis of F6, I6, and J6) to these rules in general. We found that the Lewis acid borane, and the second remaining double bond with Lewis base properties, resembling frustrated Lewis pair-type moieties, worked synergistically to stabilize allyl-π bond interactions resulting in the unexpected selectivity. Using this as a design principle, molecules with similar electronic properties might provide an interesting avenue for the exploration of synthetically useful exceptions to the Markovnikov rule, resulting in novel chemical reactivity.
Although it is known that the process of hydroboration can occur fully at all unsaturated sites within an alkene, the precise nature of the unoxidized species formed after the completion of the reactions still remains within a gray area. 11 B NMR results show that several hydroboration reactions are possible, and that a variety of products may be formed.
Quantum chemical calculations together with NMR measurements can thus shed light on why a subset of reactants does not polymerize, while others do, and what the potential reaction pathways and stable products are. The observation of a plethora of products indicates that competing pathways concurrently take place within hydroboration reactions. It was concluded that the position of the double bonds, in relation to sterically demanding groups, was a strongly influencing factor in determining the structure of the product [17] . We have elucidated the mechanism for the formation of cyclic monohydroborated species, as well as specific diborane species. Our results are in very Page 13 of 14 13 good agreement with experimental 11 B chemical shifts; thus, computational methods can unveil detailed mechanistic hydroboration pathways and accurately predict the NMR peaks of specific products, verifying the reaction mechanism.
Studying the experimental conditions necessary to secure a specific product would prove to be an interesting avenue of research to pursue, as current procedures allow for the possibility of multiple product species, such as dimers, polymers, and oligomeric species. Quantum chemical calculations thus lend themselves as useful tools to help design novel enantio-and diastereoselective chemical synthesis strategies. They are also becoming easily available standard tools that are accessible in undergraduate education for computational laboratories.
